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ABSTRACT Oncogenic signals induce cellular prolifera-
tion by deregulating the cell division cycle. Cyclin D1, a
regulator of G;-phase progression, acts synergistically with
ABL oncogenes in transforming fibroblasts and hematopoietic
cells in culture. Synergy with v-4bl depended on a metif in
cyclin D1 that mediates its binding to the retinoblastoma
protein, suggesting that 4BL oncogenes in part mediate their
mitogenic effects via a retinoblastoma protein-dependent
pathway. Overexpression of cyclin D1, but not cyclin E,
rescued a signaling-defective src-homology 2 (SH2) domain
mutant of BCR-ABL for transformation of cells in culture and
malignant tumor formation in vivo. These results demonstrate
that cyclin D1 can provide essential signals for malignant
transformation in concert with an activated tyrosine kinase.

Progression through a late G;-phase restriction point defines
the time in the cell division cycle when cells lose their
dependency on mitogens and commit to DNA synthesis (1).
This transition is controlled by D and E type cyclins and their
cyclin-dependent kinases (Cdks), whose phosphorylation of
critical substrates facilitates entry into S phase (2). D type
cyclins, induced as part of the delayed early response to growth
factor stimulation (3, 4), assemble with Cdk4 and Cdk6 (5-7)
to form holoenzymes whose activities are first detected in
mid-G; phase and increase as cells approach the G,/S bound-
ary (6, 7). The activity of cyclin D-dependent kihases is
maintained in proliferating cells as long as mitogenic stimu-
lation is present, suggesting that D type cyclins act as growth
factor sensors (2). In contrast, cyclin E is expressed later in G,
and combines with Cdk2 to maximally induce its periodic
activity at the G,/S transition (8, 9). Overexpression of cyclins
D or E in rodent fibroblasts shortens G; phase and reduces the
cells’ dependency on mitogenic growth factors (10-12). The
effects of G, cyclins on the duration of G; phase can be
additive (13), and they likely regulate distinct transitions (13-
15).

Cyclin D-dependent kinases have a distinct in vitro substrate
preference for retinoblastoma protein (Rb) vs. histone H1
(5-7), which in part reflects the ability of D type cyclins to bind
to Rb directly (16-18). Inhibition of cyclin D1 (11, 19) or Cdk4
(20-22, 57) activity in vivo prevents entry into S phase, but only
in cells that express a functional Rb (21-25, 57). Moreover,
cyclin D mutants disrupted in a Leu-Xaa-Cys-Xaa-Glu (LX-
CXE) motif that is necessary for their efficient binding to Rb
are defective in enforcing S-phase entry when stably overex-
pressed in Rb-positive rodent fibroblasts or myeloid cells (26,
27). Therefore, Rb and possibly other Rb-regulated proteins
appear to represent the critical physiologic substrates for cyclin
D-dependent. kinases. Although the cyclin E-Cdk2 complex
might also contribute to Rb phosphorylation late in G, phase (14,
16), inhibition of cyclin E function in Rb-negative cells induces G,
arrest (15), implying that cyclin E-Cdk2 complexes phosphory-
late key substrates other than Rb.
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Many oncogenes act during G; phase to deregulate the
controls normally imposed by G; Cdks (28). The v-Abl and
BCR-ABL proteins are cytoplasmic tyrosine kinases associ-
ated with leukemias in mice and humans. Chromosomal
translocation-mediated fusion of BCR sequences upstream of
the c-ABL second exon yields P210 BCR-ABL and P185
BCR-ABL, which are predominantly associated with human
chronic myelogenous leukemia (CML) and acute lymphocytic
leukemia, respectively (29). The murine v-abl gene is a result
of recombination between gag sequences of mouse murine
leukemia virus and c-abl (30). Both v-ABL and BCR-ABL

exhibit elevated tyrosine kinase activity in comparison to c-Abl

(31) and can transform fibroblasts in vitro (32) and hemato-
poietic cells in vitro (33) and in vivo (34-36). Transformed
pre-B cells require v-Abl activity only during G; phase (37),
suggesting that constitutively activated ABL kinases might
mimic the effects of mitogen-induced signals on the assembly
and activation of G; Cdks. By using genetic complementation
of signaling-defective BCR-ABL mutants, we showed that
BCR-ABL activates multiple signaling pathways for transfor-
mation (38). Herein we demonstrate that there is a functional
cooperation between ABL oncogenes and cyclin D1 and that
a signal dependent on the ABL src-homology 2 (SH2) domain
functions in a cyclin D1-dependent pathway.

MATERIALS AND METHODS

Plasmid Construction and Generation of Virus Stocks. The
different P185 BCR-ABL forms, v-abl, cyclin D1, D1 A21
(provided by M. Ewen, Dana-Farber Cancer Research Insti-
tute, Boston), and cyclin E (39) (provided by E. Lees, DNAX)
were cloned into the retroviral vector pPSRaMSVtkneo (40) by
using a unique EcoRlI site 3’ of the retroviral long terminal
repeat (LTR). A modified version of this vector was used to
generate constructs with P185 and cyclin D1 in cis, allowing the
simultaneous expression of both genes from a single retrovirus
(41). Cyclin D1 or the neomycin-resistance gene (neo gene)
was inserted into the unique EcoRI site, and P185 was cloned
into a unique Xba 1 site, 3’ of the herpes simplex virus
thymidine kinase (tk) promoter. '

Helper-free retroviruses were generated by transient co-
transfection of 293T cells (42) (provided by D. Baltimore,
Massachusetts Institute of Technology, Cambridge) with ret-
roviral vectors and a Psi(—) ecotropic packaging vector (40).
Supeérnatant from transfected 293T cells was collected 36-50
h after transfection. Viral titers were determined indirectly by
measuring protein expression 48-72 h after infection of Rat-1
cells by using Western blot analysis or immunohistochemistry
(40). Viral stocks were normalized to give equivalent protein
expression for the various samples.

Soft Agar Transformation Assays. Soft agar transformation
assays were performed as described (32, 40). Cells were

Abbreviations: Rb, retinoblastoma protein; SH2, src-homology 2; Cdk,
cyclin-dependent kinase; CML, chronic myelogenous leukemia; LTR,
long terminal repeat; neo gene, neomycin-resistance gene; tk, thymi-
dine kinase; SCID, severe combined immunodeficiency.
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coinfected with retroviruses containing ABL oncogenes and
either neo- or cyclin D1-containing retroviruses. Infected cells
were grown for 48—72 h and then plated in soft agar at 1 X 10*
cells per 6-cm dish. The samples were plated in duplicate in
medium containing either 5% or 20% (vol/vol) fetal calf
serum. Colonies equal to and larger than 0.5 mm in diameter
were counted 2-3 weeks after plating.

Bone Marrow Transformation Assays and Tumor Chal-
lenges. Bone marrow was isolated from tibias and femurs of 4-
to 8-week-old male BALB/c mice and infected with matched
retroviral stocks. Cells were plated at 5 X 10° cells per 6-cm
dish and the number of nonadherent pre-B cells were counted
10-14 days after infection (33). A culture was scored positive
if it reached =1 X 10° cells per culture.

Transformed bone marrow cultures were selected to grow in
the absence of stromal feeder layers for 6-8 weeks, and 1 X
10° feeder-independent lymphoid cells were injected bilater-
ally and subcutaneously into the flanks of severe combined
immunodeficient (CB.17 SCID) mice (43). Mice were analyzed
for tumor growth at local sites of injection and were examined
for signs of metastatic growth of injected cells.

Western Blot Analysis. Western blot analysis was performed
as described (40). Cells were lysed in boiling SDS containing
sample buffer. Solubilized protein was resolved by SDS/
PAGE, transferred to nitrocellulose filters, and probed with
specific antibodies. Samples were analyzed by using monoclo-
nal antibodies directed to ABL (pex 5), cyclin D1 (D1-72-13-
G11) (6, 11), and cyclin E (HE12) (also provided by E. Lees).

RESULTS

To test for functional cooperation between ABL oncogenes
and cyclin D1, v-abl and BCR-ABL (P185) were cointroduced
with cyclin D1 by retroviral infection into NIH 3T3 cells and
Rat-1 cells, respectively. High-titer retroviruses were gener-
ated in 293T cells by transient transfection (38, 40) and
retroviral transfer was assessed by measuring protein expres-
sion with Western blot analysis (Fig. 1). The transforming
potential of P185, in the presence or absence of cyclin D1, was
assessed by using a soft agar colony formation assay (32, 40).
The established criteria for a transformed phenotype include
acidification of the medium and increases in colony size and
number.

The parental fibroblasts did not form colonies and, in
agreement with previous results (11), remained anchorage
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Fic. 1. Expression levels of ABL kinases and cyclin D1 in fibro-
blasts. Retroviruses encoding BCR-ABL, v-abl, cyclin D1, and neo
were generated in 293T cells. Rat-1 cells were coinfected with P185
and either cyclin D1- or neo-encoding retroviruses. NIH 3T3 cells were
coinfected with retroviruses containing v-abl and either cyclin D1 or
neo. Cells were harvested 48-72 h after infection and were analyzed
on a Western blot with monoclonal antibody to ABL («¢ABL; pex 5)
and monoclonal antibody to cyclin D1 («CYC D1). Lanes: 1, neo; 2,
P185 and neo; 3, neo and cyclin D1; 4, P185 and cyclin D1; 5, v-Abl
and neo; 6, v-Abl and cyclin D1.
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dependent even when cyclin D1 was overexpressed (Fig. 2).
Expression of both v-Abl and P185 induced colony formation.
Cells overexpressing cyclin D1 with v-Abl or P185 formed
more numerous (3- to 4-fold more) and larger colonies (2-3
mm in diameter) than cells coexpressing ABL and neo genes.
Acidification of the medium also appeared more rapidly
(within 1-2 weeks) in the presence of cyclin D1 overexpression
(compared to 3 weeks with neo).

The G; phase of the cell cycle is regulated by both D cyclins
and cyclin E. To compare cyclins D1 and E for their ability to
complement v-abl, both were overexpressed in NIH 3T3 cells
with v-abl (Fig. 34). In contrast to cyclin D1, overexpression
of cyclin E failed to increase the transforming efficiency of
v-Abl (Fig. 3B). Cyclin D1, but not cyclin E, can bind directly
to Rb. This interaction depends on an N-terminal LXCXE
motif (16-18), which D type cyclins share with a number of
cellular and viral Rb-binding proteins (16, 17). A cyclin D1
mutant (A21) lacking sequences encoding this pentapeptide
could not efficiently collaborate with v-Abl (Fig. 3B) even
when expressed at levels equivalent to that of wild-type cyclin

v-ABL + NEO
210

P185 + CYC D1
250 >500

P185 + NEO

FIG. 2. Cooperation of cyclin D1 with ABL kinases in soft agar
colony formation assays. Cells coinfected with retroviruses containing
ABL oncogenes and cyclin D1 (or neo) were plated into soft agar in
medium containing 20% fetal calf serum. Colonies equal to and larger
than 0.5 mm in diameter were counted after 2-3 weeks of growth in
soft agar. The number of colonies is indicated below each plate and
represent the average from three experiments rounded off to two
significant figures. Expression of the neo gene or neo plus cyclin D1
did not induce cells to form colonies in agar. Colonies formed by cells
expressing the neo gene with P185 or v-abl ranged in size from 0.5 to
2 mm in diameter. Cells co-expressing cyclin D1 with either P185 or
v-abl reached sizes up to 3 mm in diameter.



9542 Medical Sciences: Afar et al.
A,, 1 23 45 6 7 8 9 10
kDa
aABL | = - - W, | e
106 —
sl cvce
—
— - D == @R —CYC D1
33 —
aCYC D1 aCYCE
B Colonies, no.
NEO CYCD1 D1A21 CYCE
NEO 0 0 0 0
v-ABL 100 380 80 90

FiG. 3. Comparison of transforming activities of v-Abl with cyclin
E, cyclin D1, and an Rb-binding mutant of cyclin D1. NIH 3T3 cells
were coinfected with retroviruses containing v-abl and human cyclin
E (CYC E), mouse cyclin D1 (CYC D1), or cyclin D1 A21, which is
deficient in Rb binding. (4) Western blot analysis was performed as
described in Fig. 1. Cyclin E was detected by using a monoclonal
antibody to human cyclin E (HE12). Lanes: 1, neo; 2, v-Abl and neo;
3, neo and cyclin D1; 4, v-Abl and cyclin D1; 5, neo and D1 A21; 6,
v-Abl and D1 A21; 7, neo; 8, v-Abl and neo; 9, neo and cyclin E; 10,
v-Abl and cyclin E. Cells infected with cyclin D1 retrovirus displayed
a 3- to 5-fold overexpression of cyclin D1. Cells infected with the
mutant cyclin D1 retrovirus expressed two times more mutant protein
than endogenous cyclin D1. (B) Cells were plated in medium con-
taining 5% fetal calf serum. The colony numbers represent averages
of two experiments after 3 weeks in culture.

D1 (Fig. 34). This assay, therefore, distinguishes the functions
of cyclin D1 and E and suggests that the synergy between v-Abl
and cyclin D1 depends in part on an Rb-mediated pathway that
is not influenced by cyclin E.

To determine whether cyclin D1 functions in a specific
signaling pathway, we tested whether a transformation defec-
tive mutant of BCR-ABL could be complemented by G,
cyclins. Rat-1 cells were co-infected with retroviruses encoding
an SH2 deletion mutant of P185 (ASH2) with either cyclins D1
or E. The infected cell populations were plated in soft agar and
were analyzed for colony formation 2-3 weeks later. The
results show that cyclin D1, but not cyclin E, rescues PI85ASH2
for transformation (Fig. 4). The colonies formed during the
rescue acidified the medium and were similar in number and
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FiG. 5. Acceleration of P185-mediated bone marrow transforma-
tion by cyclin D1. Retroviruses were generated containing P185 R552L
(FLVRES mutant) linked to either neo or cyclin D1 (NEO tkP185
R552L and CYC D1 tkP185 R552L, respectively). Cyclin D1 and neo
were driven by the retroviral LTR, while expression of P185 R552L was
controlled by the tk promoter. Primary mouse bone marrow was
infected with retroviruses and plated in liquid culture. A total of 10
replicates of each sample from two experiments were monitored for
pre-B-cell outgrowths. Transformed pre-B cells were counted at
different time intervals. Cell counts from both experiments, taken
after 20 days in culture, are shown. Cultures with cell numbers >2 X
107 cells are confluent.

*Cultures with no cellular outgrowth.

comparable in size (0.5-2 mm in diameter) to colonies formed
by cells expressing wild-type P185. Similar results were ob-
tained by using a transformation-defective P185 with a point
mutation in the FLVRES motif of the SH2 domain (R552L)
(38) (data not shown). These results suggest that cyclin D1
compensates for loss of signaling from the ABL SH2 domain.

The transforming activity of BCR-ABL is normally mani-
fested in hematopoietic cells. BCR-ABL can transform pri-
mary mouse bone marrow in vitro, causing the emergence of
immature B cells in a selective culture environment (33). The
onset of pre-B-cell growth in culture is dependent on the
strength of the transforming potential of the BCR-ABL allele
(44). We sought to determine whether cyclin D1 can accelerate
the transformation of bone marrow in culture by BCR-ABL
mutants. Retroviruses that encode both genes in cis were
generated (41, 45) to ensure that all infected cells express

P185ASH2 + CYC E
15

FiG. 4. Rescue of SH2 domain P185 mutant with cyclin D1. Rat-1 cells were coinfected with retroviruses encoding an SH2 domain deletion

mutant of P185 (P185ASH2) and neo, cyclin D1, or cyclin E. Expression levels were determined as descri

d in Fig. 1. Cells were plated in medium

containing 5% fetal calf serum. The pictures were taken after 3 weeks in agar and the colony numbers, indicated below the plates, represent averages
of two experiments. Cells expressing neo, cyclin D1, or cyclin E alone failed to form colonies in agar.
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Table 1. Cyclin D1 rescues the FLVRES mutant of BCR-ABL for leukemogenesis
Cell line injected

No. tumors/no. total sites  Latency, days Metastatic growth

neo tk P185 WT 6/6 8-14 Spleen, lymph nodes
cyc D1 tk P185 WT 6/6 8-14 Spleen, lymph nodes
neo tk P185 R552L 5/12 30-34 Spleen only

cyc D1 tk P185 R552L 12/14 8-14 Spleen, lymph nodes

Bone marrow cells were transformed with wild-type (WT) or FLVRES mutant (R552L) P185
in conjunction with neo or cyclin D1 (cyc D1) and were passaged independent of feeder cells for
8 weeks, and then 1 X 10° feeder-independent cells were injected subcutaneously per site into the
flanks of SCID mice. Animals were monitored over a 5-week period. Those with tumors were
analyzed for metastasis to spleen (S) and lymph nodes (L). Expression of BCR-ABL was verified

Proc. Natl. Acad. Sci. USA 92 (1995)
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in primary tumors and metastases by Western blot analysis (data not shown).

cyclin D1 and P185 simultaneously. Although the FLVRES
mutant is capable of transforming primary mouse bone mar-
row, its transforming potential is attenuated when compared
with wild-type P185 (43). The expression of P185 was con-
trolled by the tk promoter, which permits a 10-fold lower
expression compared to LTR-driven P185. This allows a more
sensitive comparison of biological activity between wild-type
and mutant P185. In two experiments, 5 of 10 cultures infected
with retrovirus encoding neo and the FLVRES mutant failed
to exhibit pre-B-cell transformation (Fig. 5). In contrast, all 10
cultures infected with retrovirus encoding cyclin D1 and the
P185 FLVRES mutant exhibited transformation of pre-B cells.
These cultures also reached saturation densities 3-5 days more
rapidly.

Bone marrow cells transformed by wild-type P185 give rise
to metastatic tumors with short latency when introduced into
SCID mice. In contrast, cells expressing the FLVRES mutant
are only weakly tumorigenic (43). To test whether cyclin D1
can complement the FLVRES mutant for tumorigenicity,
bone marrow cells were transformed with wild-type P185 or
the FLVRES mutant in conjunction with neo or cyclin D1.
Expression of the P185 forms was controlled by the tk pro-
moter, and expression of neo and cyclin D1 was regulated by
the retroviral LTR. Transformed cells were passaged for 8
weeks independent of feeder cells and were injected subcuta-
neously into the flanks of SCID mice. All animals receiving
cells expressing wild-type P185 with or without cyclin D1
developed large subcutaneous tumors within 8-14 days (Table
1). These animals also exhibited visibly enlarged spleens (two
or three times larger than spleens of control animals) and
lymph nodes (0.5 cm in diameter). Protein analysis of these
tissues confirmed expression of BCR-ABL (data not shown).
Cells expressing the FLVRES mutant gave rise to tumors in
only 50% of the animals after 30-34 days. While the spleen
appeared enlarged in these mice, metastasis to lymph nodes
was not detected. Eighty-five percent of mice receiving cells
coexpressing the FLVRES mutant with cyclin D1 recovered
short latency of tumor formation (within 2 weeks) and full
metastasis to spleen and lymph nodes. This result demon-
strates that cyclin D1 can replace a defective SH2-mediated
signal to gain full malignancy in vivo.

DISCUSSION

Activated ABL tyrosine kinases are potent oncogenes that
transform cells via multiple pathways (38). Although these
signaling pathways are partially redundant in hematopoietic
cells, full malignant transformation in vivo and metastasis by
BCR-ABL depends on a functional SH2 domain (43). Here we
show that cyclin D1 can cooperate with ABL oncogenes to
induce full in vitro and in vivo transformation by replacing an
SH2 domain-dependent signal.

Like cyclin D1, myc can act synergistically with ABL onco-
genes (32, 45) and can restore transformation by the FLVRES
mutant of BCR-ABL (38). Although the simplest interpreta-
tion is that myc might normally be necessary to induce cyclin

D1 expression (46), myc has also been reported to decrease
cyclin D1 transcription under certain circumstances (47).
Moreover, cyclin D1 may regulate Myc activity indirectly by
triggering release of Rb-bound E2F, which in turn can trans-
activate the myc promoter (48). Although cyclin D1 has little
transforming activity on its own, cyclin D1 and myc transgenes
act synergistically to induce B-cell tumors in vivo (49, 50). This
indicates that the two genes may not act in a linear pathway.
Cyclin D1 and Myc also depend on one another’s functions in
rescuing mitogenic signaling by a partially defective colony-
stimulating factor 1 receptor mutant (Y809F), with inhibition
of the activity of either protein preventing complementation by
the other (27). Therefore, cyclin D1 and Myc likely exert
nonoverlapping functions, each of which is critical for mito-
genesis.

Cyclin D1 is required during G; phase but not later in the cell
cycle (3). It probably functions by targeting Cdk4 and Cdk6 to
Rb, thereby triggering Rb inactivation by phosphorylation and
affecting Rb’s tethering to transcription factors, such as E2F
(2). Inhibition of cyclin D1 function prevents S-phase entry in
cells containing functional Rb (11, 19) but is without effect in
Rb-negative cells (21-25, 57). Specific inhibitors of Cdk4 and
Cdk®6, such as p16™K42_ can also arrest cells in G phase and can
prevent transformation of fibroblasts by Ras plus Myc, but not
Ras plus E1A (20). Ink4 proteins also fail to block cell cycle
progression in Rb-negative cells (21, 22, 57). These data argue
that cyclin D1-Cdk complexes function upstream of Rb. Thus,
Rb or Rb-regulated proteins may represent their critical
physiologic targets. Our finding that a cyclin D1 mutant that
fails to efficiently bind to Rb is also deficient in cooperating
with v-Abl supports the concept that v-Abl can override
Rb-mediated G; suppression via a cyclin D1-dependent mech-
anism. Cyclins D1 and D2 with deletions in the LXCXE motif
were similarly deficient in rescuing signaling via mutant col-
ony-stimulating factor 1 receptors (27). Cyclin E failed to
function in either assay system, consistent with the idea that it
regulates a different transition (15).

Cyclin D1 acts synergistically with ABL genes in B cells,
where cyclins D2 and D3 are expressed and D1 normally is not
(3, 4,49-51). Therefore, we might expect that any D type cyclin
would act synergistically with ABL in this setting. Feeder-
independent BCR-ABL-transformed pre-B cells formed tu-
mors in SCID mice. Cyclin D1 rescues the FLVRES mutant for
short latency growth and full metastatic behavior, implicating
cell cycle-independent effects of cyclin D1 in this assay.

BCR-ABL plays a role in the initiation and maintenance of
CML. The terminal or blast-crisis phase of CML is an acute
leukemia characterized by expansion of myeloid or lymphoid
progenitor cells (52) and additional genetic alterations are
necessary to trigger blast crisis. One possible mechanism may
involve the cyclin D/Rb pathway. Deletions of Rb have been
detected in patients exhibiting megakaryoblastic crisis in CML
(53). Deletions in p16!NK42 have been detected in certain tumor
cell lines and human cancers (28) and occur in tumors that
retain wild-type Rb (54, 55). In a recent study, 50% of patients
with lymphoid blast crisis in CML exhibited homozygous
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deletions of p16™NK42 (56). In blocking its ability to inhibit
Cdks, mutations or deletions in p16"™NK42 might mimic the
effects of overexpressed D cyclins in hematopoietic cells.
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